) and performed comparative analysis of the role of N-glycans on protein stability, plasma membrane delivery, trimer formation, inward currents. We have found that in transiently transfected HEK293 cells, Asn 170 is apparently the most important site for receptor stability, since its mutation causes a primary loss in protein content and indirect failure in membrane expression, oligomeric association and inward
Introduction
It is well known that N-glycosylation often affects the function of ion channels at the level of multi subunit assembly, protein trafficking, ligand binding and channel opening (Gehle et al. 1997; Standley and Baudry 2000; Gong et al. 2002; de Souza and Simon 2002; Watanabe et al. 2003) . N-linked glycans also exert a well recognized role as maturation and quality control tags in the early secretory pathway (Hebert et al. 2005) . They are added cotranslationally during the translocation in the lumen of the endoplasmic reticulum (ER) (Kowarik et al. 2002) , and mediate the recognition by the lectin chaperones, calnexin and calreticulin, that assist proper protein folding (Molinari and Helenius 2000; Daniels et al. 2003) . The overall importance of glycosylation in membrane and secretory proteins has been further revealed by congenital disorders of glycosylation, which are multi system syndromes causing various degrees of mental and psychomotor retardation and severely affecting humans (Freeze 2001; Jaeken and Carchon 2004) .
P2X receptors constitute a family of seven (P2X 1-7 ) cation channels gated by extracellular ATP. They are expressed in many excitable and not excitable cells to mediate a variety of physiological actions, including smooth muscle contraction, neuroendocrine secretion and synaptic transmission (Khakh and North 2006) . They have a membrane topology with two transmembrane domains, and form functional homo or hetero trimeric channels on the plasma membrane (Nicke et al. 1998; Barrera et al. 2005) . Among them, the P2X 3 subtype that we demonstrated to be enriched in specialized sub membrane compartments such as lipid rafts (Vacca et al. 2004) , is present in cell bodies as well as in peripheral and central terminals of sensory neurons of dorsal root ganglia (Vulchanova et al. 1997) , where it performs a well defined role in sensory and pain transmission (Cockayne et al. 2000; Sulslova et al. 2000; North 2004 ). Like the majority of membrane proteins, all P2X receptors are glycosylated in their extracellular moiety. N-glycosilation has been studied in several members of the P2X ) are homologous to the four recognized N-glycosylation sites of P2X 1 receptor (Rettinger et al. 2000) , there is only a partial homology with the number and position of Nglycans in all other P2X isoforms.
In a previous study, we demonstrated that P2X 3 receptor undergoes rapid constitutive endocytosis accompanied by preferential targeting to late endosomes/lysosomes with subsequent degradation (Vacca et al. 2009 ). In the present work, we used site directed mutagenesis to investigate the role of N-glycans in P2X 3 receptor function. By means of transiently transfected HEK293 cells we demonstrated an essential but heterogeneous role of N-glycan residues in overall protein expression, plasma membrane delivery, oligomerization and inward current response.
Results

Effect of single N-glycosylation site mutation on functional expression of P2X 3 receptor
In order to evaluate how the removal of individual N-glycans affects the functional expression of P2X 3 receptor, we produced N-glycosylation defective mutants by substituting Asn with Fischer et al. 2003; Jones et al. 2004) . We recorded inward current responses at -40 mV, using 100 µM αβmeATP as a ligand. At this concentration, we obtained maximal current responses from WT P2X 3 receptor. The currents recorded from the single mutated N139Q, N194Q and N290Q receptors were found quantitatively identical to those of WT, indicating that none of these three glycans was essential for functional expression. Conversely, N170Q mutated receptor exhibited a consistently lower response (∼60% reduction) ( Figure 2A , Table 1 ). In order to evaluate if this reduced current was due to altered function or to reduced plasma membrane delivery, we measured expression of WT and mutated receptors at the plasma membrane (PM). We performed cell surface biotinylation of PM proteins using the cell impermeant reagent biotin-XX-SE. As shown in Figure 2B and Table 1 , total and PM expression of mutated receptors resembled what we also observed with inward current measurement: N139Q, N194Q and N290Q single N-glycan mutants displayed a level of PM expression similar to WT receptors. N170Q mutant instead exhibited a consistent reduction in both total and PM expression, as well as in inward current ( Figure 2A ). The percent of PM receptor versus total protein is relatively low (∼15%) for P2X 3 receptor due to constitutive endocytosis (Vacca et al., 2009) and is not further decreased in the N170Q mutant compared to control ( Figure 2D ). These observations suggest that the receptors that do not reach the PM are not accumulating intracellularly and are probably degraded. Since it has been already observed that different mutations in the N-glycosylation consensus (N-X-S/T) can produce different functional effect indepently from the effect on glycosylation (Gong et al. 2002) , we also mutated the Thr 172 to Ala in the Asn 170 consensus. Gel analysis ( Fig. 2C; Fig. 3) confirmed that T172A mutant failed to be glycosylated just as the N170Q. The effect of 6 T172A mutation appeared drastically more severe, with respect to N170Q, on both total and PM expression ( Figure 2C ), as well as on current responses ( Figure 2A ; Figure 5 ). As for N170Q the PM/total protein ration is not significatively altered for the T172A mutant ( Figure   2D ).
In order to confirm that each individual consensus site is indeed N-glycosylated we performed complete de-glycosylation of protein extracts with N-Glycosidase F (PNGase F).
As shown in Figure 3 , all mutants showed the same electrophoretic mobility of WT receptor after PNGase F treatment, indicating that the increased mobility observed in mutants before treatment was due to differential glycosylation status, and not to aberrant effects of aminoacid substitution. Even after extensive PNGase F treatment, P2X 3 receptor clearly migrated as a triplet, indicating that this heterogeneicity likely depends on post-translational modifications different from N-glycosylation.
The effect of double mutation is strongly dependent on the identity of the mutated N-glycan
Differently from single mutants, the majority of double mutations strongly affected receptor expression on its whole and at the PM ( Figure 4B ). Moreover, as shown in Figure 4A and Figure 4A -B, Table 1 ). Nevertheless, for those double mutants displaying very low current responses (N139Q/N170Q, N139Q/N290Q, N170Q/N194Q and N170Q/N290Q) a concomitant impairment in ion channel responsiveness cannot be excluded.
EC 50 is also affected in N170Q and N139Q/N194Q mutants
The single mutant N170Q and the double mutant N139Q/N194Q showed a clear reduction in inward current compared to WT receptor (∼40% at 100 µM αβmeATP) that can be mostly attributed to reduced PM expression of the mutant. In order to better analyze the effect of mutation on channel function, we performed a full dose response on these mutants. As shown in Figure 5 , not only the I MAX was significantly decreased, but also the EC 50 of mutants was clearly increased in both mutants, compared to WT (∼75%), indicating that the mutations generated also a defect in ligand affinity and not only in trafficking of the receptor.
Non-functional mutated receptors do not form appreciable levels of trimers
Blue Native (BN) gel electrophoresis was performed in order to evaluate the ability of Nglycan mutants of P2X 3 receptor to form trimers, the functional oligomer for this receptor subtype. Whereas all single mutants were mainly detected in their trimeric form, the amount of trimer was strongly reduced in the N170Q-mutant, consistently with reduced content of total and PM receptor protein ( Figure 6 , Table 1 ). Also the functional N-glycan double mutants N139Q/N194Q and N194Q/N290Q were expressed as trimers, while the four not functional double mutants N139Q/N170Q, N139Q/N290Q, N170Q/N194Q and N170Q/N290Q were instead detected mainly as dimers and monomers. This result would indicate that deficiency in trimeric formation might be caused not only by overall reduced expression of mutated P2X 3 protein, but also by direct inability of N-glycan double mutants to correctly oligomerize.
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Inhibition of 26S proteasome rescues the content of mutated receptors but not the trimer formation
The role of N-glycans in the proper folding and 26S proteasome dependent degradation of glycoproteins is well documented (Meusser et al. 2005) . We thus hypothesized that the reduced level of expression of selected double glycosylation mutants might be due to improper folding and consequent degradation of the mutated receptors. After treating the cells with the 26S proteasome inhibitor MG132 for 7 hours, we observed that total and PM protein levels consistently increased in all double mutated receptors ( Figure 
Discussion
The results presented in this work provide direct evidence about the role of N-glycosylation in . Differently from the N170Q mutant, the reduction in the I MAX of the T172A mutant (∼18 % of WT, Figure 5 ) is significantly more severe than the reduction in PM expression (38± 7 %, Table 1 ) thus suggesting also a partial functional impairment of the receptor pool reaching the PM. Functional impairments have been indeed already observed when mutating the homologous Thr in P2X 1 (Roberts and Evans, 2006) and P2X 2 (Jiang et al. 2000) receptors. Moreover, the homologous of Asn 170 is also critical for PM trafficking and function of P2X 7 receptor (Lenertz et al. 2010) .
Our data also confirm the results obtained by a similar analysis of N-Glycan mutations on the functional expression of P2X 1 protein (Rettinger et al. 2000 ). Yet, the effects that we observed with P2X 3 receptor were consistently more pronounced, especially in the case of the double mutants, and the residue Asn 184 in the P2X 1 receptor (homologous to Asn 170 in P2X 3 ) seemed to be less critical (Rettinger et al. 2000) , therefore signifying that the P2X 3 receptor subtype is probably more dependent than P2X 1 upon N-glycans for proper assembly, trafficking and function. This diversity might also be due to variation in the cell systems and species adopted, since the work on P2X 1 was performed in Xenopus oocytes. Indeed, in the same HEK293 cellular system, the importance of N-glycans for proper functioning of P2X 3 receptors was already recognized, since only fully N-glycosylated receptors responded to external pH with a modified sensitivity towards αβmeATP, and the absence of individual Nglycans modified the pH sensitivity, most probably by an allosteric mechanism (Wirkner et al. et al. 1998 ) provided more similar results to ours on P2X 3 . Although in the absence of systematic mutagenesis of all individual N-glycosylation sites, studies carried out on P2X 4 (Hu et al. 2002) and P2X 6 (Jones et al. 2004 ) receptors again confirmed our results indicating the crucial role of N-glycans in the full functional expression of this entire family of ionotropic receptors.
It is well known that misfolded proteins are eliminated by a process called ER associated degradation. Basically, proteins are back translocated from ER into the cytosol and then degraded by the 26S proteasome (Meusser et al. 2005 ). P2X receptors are well known to be present as trimers in the ER, meaning that they assemble in trimeric structures early in the biosynthetic pathway (Nicke et al. 1998) . The relationship between oligomerization and degradation is nevertheless still unclear. With our studies, we recognized that inhibition of the 26S proteasome leads to accumulation of both WT and all double mutated receptors and that total content of whole and PM P2X 3 receptor is comparable in WT versus double mutants in the presence of proteasome inhibitor. These results indicated that the observed low levels of mutant proteins were probably due to proteasome dependent degradation. This was also confirmed by the ubiquitous presence (significantly not at the PM) of a 75-80 KDa polyubiquitinated P2X 3 protein signal. It is not clear yet to what extent the various sequential steps of the degradation process are linked to one another (Elkabetz et al. 2004) . MHC class I and T cell receptors are known to accumulate in the cytosol when proteasomal degradation is inhibited (Wiertz et al. 1996; Yu et al. 1997) . Instead, for other proteins such as the immunoglobulin moieties, dislocation and proteasomal function appear to be strictly linked, since it has been observed that proteasomal blockade can cause retention of these proteins in the ER membrane (Mancini et al. 2000; Chillaron and Haars 2000) . After proteasomal inhibition, the consistent increase of all mutated P2X 3 proteins reaching the PM therefore indicates not only that mutated receptors are protected from back translocation to the cytosol, 12 but also that mutated P2X 3 receptors can progress through the entire secretory pathway.
Conversely, when we looked at oligomerization of WT versus mutated receptors, we found that inhibition of the 26 S proteasome increases the trimeric form of the receptor, when this is less abundant (N139Q/N194Q), while having a moderate effect on WT and N194Q/N290Q mutant. In the other mutated receptors (N139Q/Asn 170 , N139Q/N290Q, N170Q/N194Q and N170Q/N290Q) in which the trimers were barely detectable under basal conditions, these are not present also after 26S proteasome inhibition, indicating that these mutants are likely not competent for trimer formation. This would signify that complete trimerization is prevented by early degradation in the N139Q/N194Q mutant even if this mutant is still competent for trimerization. This is also confirmed by the observation that, even in the presence of lower levels of protein, the percent of receptor present in the trimeric form is only slightly lower than WT for both N170Q and N139Q/N194Q mutants.
In synthesis, we demonstrated here that the six different possible combinations of double N-glycan mutants of P2X 3 protein differently influence oligomerization and functional expression of the receptor and induce various extents of receptor degradation. By comparative analysis, we moreover established a diverse degree of stringency in the different N-glycans, with Asn 170 that appears to be the most important site for receptor proper folding and stability, since its single or joint mutation caused the most severe impairments. Consistently, this is the best conserved glycosylation site within the P2X family and the recently solved crystal structure of P2X 4 places this residue very close to the putative ATP binding site (Kawate et al. 2009 ). Asn 194 and Asn 290 were instead the most dispensable, as their simultaneous mutation did not apparently affect any receptor feature. All remaining double mutants elicited progressively more severe impairments. When proteasomal degradation was instead inhibited, whereas full receptor stability and trafficking to the plasma membrane was restored for all the 13 combinations of double N-glycan mutants, trimerization was only selectively permitted, therefore indicating that folding impairments cannot be overcome by receptor stabilization.
In conclusion, these results improve our knowledge about the role of N-glycosylation in proper folding and oligomeric association of P2X 3 receptor. A new emerging finding is that the inability to assemble into trimers might account for the impaired function in mutants where residue Asn 170 is replaced. This might shed light on a novel mechanism eventually responsible for malfunctioning of this receptor during pathological conditions.
Materials and Methods
Cell cultures, transfections and treatments
The 
Site directed mutagenesis
Asn coding triplets in the four N-glycosylation consensus sequences in the rat P2X 3 cDNA were substituted with Gln coding triplets by two step overlapping PCR site directed mutagenesis, essentially as described (Ho et al. 1989 ).
The following primers were used for the mutations: N139Q (for- 
Protein de-glycosylation with PNGase F
For PNGase F studies, total cell lysates (100 µg/condition) were adjusted to a final concentration of 0.2 % SDS and 1% β-mercaptoethanol, treated 10 min at 95 °C and incubated 18 h at 37 °C, with or without 1U of N-glycosidase F (Roche Diagnostics, Mannheim, Germany). Proteins were then separated on SDS-PAGE.
SDS-and BN-PAGE electrophoresis and immunoblotting
For SDS-PAGE, cellular lysates were diluted in 4X Laemmli sample buffer, containing a final concentration of 2% (vol/vol) β-mercaptoethanol as reducing agent, and proteins were separated on 7.5% or 12.5% polyacrylamide gels. For BN gels, cells were lysed in BN-lysis buffer (50 mM Bis-Tris, pH 7, 1% N-dodecyl maltoside, 10% glycerol, 0.75 M aminocaproic acid). Cellular lysates were kept on ice for 30 min and then centrifuged for 10 min at 14000 x g, at 4° C. Supernatants were collected and quantified. BN-PAGE was carried out essentially as described (Schagger and Jagow 1991 Consensus sequences for N-glicosyalation are highlighted in grey. N-glycosylation sites of P2X 3 (N139, N170, N194, N290) are indicated. for 18 hours at 37°C and probed with P2X 3 antiserum in western blot. Total and PM protein levels were normalized to Neomycin PT II protein levels. The data are the average of at least 3 independent experiments (western blots) or at least 10 cells recorded for each mutant from three independent transfections, * p < 0.05 in Student's t-test.
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